Spring wheat (Triticum aestivum L., excluding durum wheat) was harvested on 5.35 million ha of 3 croplands in the United States in 2011, with 89.1% occurring in the northern Great Plains (NGP) 4 states including North Dakota, Montana, Minnesota, and South Dakota. Montana had the 5 highest percentage of spring wheat acreage (31.3%) among all spring wheat production states 6 (USDA-NASS, 2011a). The 2007 Agricultural Census showed that about half of the spring 7 wheat acreage in Montana was under a continuous spring wheat production system while the 8 other half was in a two-year spring wheat-fallow system. Most of this spring wheat area (95.4%) 9 was rain-fed.
Introduction

1
Spring wheat (Triticum aestivum L., excluding durum wheat) was harvested on 5.35 million ha of 2 croplands in the United States in 2011, with 89.1% occurring in the northern Great Plains (NGP) 3 states including North Dakota, Montana, Minnesota, and South Dakota. Montana had the 4 highest percentage of spring wheat acreage (31.3%) among all spring wheat production states 5 (USDA-NASS, 2011a). The 2007 Agricultural Census showed that about half of the spring 6 wheat acreage in Montana was under a continuous spring wheat production system while the 7 other half was in a two-year spring wheat-fallow system. Most of this spring wheat area (95.4%) 8 was rain-fed (USDA-NASS, 2007). 9
The lack of available water for crop growth is the primary factor affecting dryland spring wheat 10 production in the NGP. A spring wheat yield trial conducted at Sidney, MT, with over 70 varieties 11 during 2005-09, showed that the yield of dryland wheat was about 30% less than that of the 12 irrigated crop (Joyce Eckoff, personal communication). Brown et al. (1981) reported that spring 13 wheat yield increased 135 kg ha -1 with every one cm increase in plant water use in Montana and 14
North Dakota. A similar relationship between spring wheat yield and plant available water was 15 also found in the inland Pacific Northwest (Schillinger et al., 2008) . Winter wheat yields in the 16
Central Great Plains increased by 141 kg ha -1 for every one cm increase in plant available 17 water in the soil at planting (Nielsen et al., 2002) and by 125 kg ha -1 for every one cm of water 18 use after 13 cm of water use (Nielsen et al., 2011) . 19
Various management strategies have been proposed and applied to cope with soil water 20
shortage for dryland spring wheat production in the NGP, including no-tillage and reduced tillage 21 with residue mulching, and changes in crop rotations. Fenster (1973) reported that the soil water 22 storage efficiency increased from 16 to 31% in Montana by adding surface residue cover during 23 summer fallow. Nielsen and Vigil (2010) reported precipitation storage efficiency during the 24 fallow period of a winter wheat-fallow system increased from 20% with conventional tillage 25 fallow management to 35% for no-till management in Colorado. In general, a higher percent of 26 residue cover would lead to higher soil water storage (Tanaka and Aase, 1987) . Lenssen et al. 27 (2007) documented that zero tillage often provided higher soil water content at planting. 28 However, Deibert et al. (1986) found that the difference in water storage between no-till and 29 tilled field in North Dakota was not evident, neither was the difference in evapotranspiration 30 between continuous spring wheat and spring wheat-fallow treatments. 31
For better weed control, a delay in planting from mid-April to mid-May for spring wheat is 32 proposed to allow a mechanical weed control before planting (Sainju et al., 2011) . However, this 33 delay reduces the length of growth period, which could reduce biomass accumulation. 34
Furthermore, the associated changes in phenology might alter the timing of water stress relative 35 to plants development, possibly reducing dryland crop yield. To compensate for a short growing 36 season and less biomass accumulation, and to suppress weed, a higher seeding rate is used 37 when the spring wheat is planted in mid-May. The late planting date along with high seeding 38 rate is called ecological management, as opposed to the conventional management with 39 customary planting date and seeding rate. 40
Agricultural system models, which include the interactions among the various processes and 41 factors in the system, are useful tools to evaluate various agronomic management practices 42 after careful calibration. The Root Zone Water Quality Model 2 (RZWQM2) including DSSAT v 43 4.0 cropping system models (CSM) has been successfully used to simulate water availability 44 and crop production under long-term weather conditions and various management practices. 45 Thorp et al. (2007) and Qi et al. (2011b) documented that the RZWQM2 model adequately 46 simulated hydrology, crop yield, and N dynamics during the validation period. However, there is limited information on the simulation of spring wheat water use and yield in 57 the semi-arid northern Great Plains. Chipanshi et al. (1997) reported a successful simulation 58 study for spring wheat production using CERES-Wheat v 3.5 at three sites in central and 59
southern Saskatchewan, Canada, and the ratio of simulated to observed total above ground 60 biomass at various growth stages ranged from 0.64 to 1.62 over the three locations. However, 61
an earlier modeling study conducted in Saskatchewan suggested that both CERES and EPIC 62 (Erosion/Productivity Impact Calculator) simulated the annual spring wheat yield poorly, even 63 though the predicted long-term mean yield was reasonably accurate (Moulin and Beckie, 1993) .
64
A new version of CERES-Wheat (v 4.0) has been released. The purpose of this study was to 65 simulate the water availability and spring wheat production under conventional and ecological 66 management practices in the NGP under both tilled and no-tilled treatments using RZWQM2 67 with DSSAT v 4.0 CSM CERES-Wheat model. The specific objectives of this modeling study 68 were to: 1) quantify the effect of planting date, seeding rate, and tillage on dryland spring wheat 69 production in terms of soil water, yield, and biomass; 2) extend the results to longer term 70 weather conditions and alternate cropping system and management practices. 71 
Materials and Methods
72
RZWQM2 Model
Crop Parameters
155
Crop parameters were manually adjusted to fit measured biomass and yield components. photoperiod, the parameter P1D (development reduction) was calibrated with a value of 21%, 167 suggesting a low sensitivity to photoperiod, rather than zero which would lead to a shorter 168 simulated growing season length. This value is higher than 12% reported by Thorp et al. (2010 
Model Application to an Extended Climate
232
A 50-year weather data set (1961-2010) for Sidney, MT was used to assess the long-term 233 impacts of current management practices (CTC, CTE, NTC, and NTE) on spring wheat yield 234 production. The 50-year weather data were collected from various sources ( site that has the best quality of data (Class I site as listed at NSRDB website). Before being 247 input into the model, quality control was done for all the data by plotting them versus date to 248 examine outliers and by calculating annual averages or sums to identify unusual trends. 249
We used the calibrated model and long-term weather data to compare crop yield under 250 continuous wheat-wheat and wheat-fallow. For the wheat-fallow cropping system, we simulated 251 both wheat-fallow and fallow-wheat rotations and presented as averages of the two rotations. 252
The calibrated model was also used to determine optimal planting dates and an optimal seeding 253 rate for spring wheat in Sidney, MT by running the calibrated model for 50 years (1961-2010) 254 with planting dates varying from February 20 to May 20 each with an interval of 10 or 11 days 255 and seeding rate ranging from 1.73 × 10 6 seeds ha -1 to 1.48 × 10 7 seeds ha -1
. Net return was 256 calculated by subtracting seed cost from grain yield income, for use in calculating optimum 257 seeding rate. We assumed the wheat grain price at $0.28 kg-1 ($7.70 bu-1) and the price of 258 hard red spring wheat seed at $0.52 kg-1 ($14.0 bu-1) based on the local prices reported for 259
March, 2011 (USDA-NASS, 2011b). 260
Results and Discussion
261
Model Calibration (2004-2010)
262
Simulated soil water content and total soil water storage for the calibration treatment (CTC) 263
were in good agreement with neutron probe measured values. Figure 1 illustrates the simulated 264 and measured soil water content and soil water storage from Apr 10 to Nov 1 in each year; and, 265 the statistics for all the treatments are given in Table 4 . Although for some individual soil layers 266
there were a few low NSE and high RSR values, soil water storage was simulated very well with 267 PBIAS within ±5%, NSE > 0.50, and RSR < 1.5. For soil water content in each individual soil 268 layer, the PBIAS was within ±10%, and the NSE was generally close to or greater than 0.50. 269
The statistical results were comparable to stand alone CERES-Wheat under an irrigated 270 condition (Thorp et al., 2010) , and were much better than previously reported for CERES-Wheat 271 used to simulate winter wheat under dryland conditions in Colorado (Saseendran et al., 2004) . 272
The simulation of water content in the soil surface layer (0-30 cm) was worse than that of 273 deeper soil layers, which may be due to measurement error of the neutron probe. The neutron 274
probe was placed at a depth of 23 cm for the soil surface layer, but measured soil water content 275 at this depth cannot represent the moisture in the top 10 cm soil. Due to the limitation of neutron 276 probes in measuring water content in the top soil layer, penetrative probes or shallow buried 277 sensors should be used as complements to measure water content in top soils (Qi et al., 278 2011a). Also many interacting factors affect the simulation of first soil layer water content, such 279 as surface energy dynamics. In addition to climate effects, the energy dynamics must be 280 accurately represented by residue coverage which was not measured in this study. 281
The calibrated crop parameters are given in The grain yield was simulated well for the calibration treatment, but the biomass was not 293 predicted adequately based on the calculated statistics. The simulated versus observed grain 294 yield and total above ground biomass for the calibration CTC treatment is depicted in Figure 2 . 295
The average simulated yield was 2295 kg ha good simulation of yield. Although the simulated total above ground biomass was only 0.7% 298 lower than the observed average biomass of 6378 kg ha -1 when averaged over the 7 years, the 299 RSR was less than 1.5, and the NSE, however, was only 0.38, indicating an unacceptable 300 performance in total biomass simulation according to the criteria set in this study. The average 301 simulated harvest index was 0.36, close to the average observed value of 0.37 over all years. 
306
The statistics on soil moisture simulation for the validation treatments of CTE, NTC, and NTE 307 showed similar trends to those for the calibration treatment, with good agreement in total soil 308 water storage, though unsatisfactory performance for some individual soil layers (Table 4) . For 309 the validation of ecological management treatments using the plant parameters from the 310 calibration, the simulated average growing length of spring wheat was 95 days, 12 days shorter 311 than the conventional management which was planted 24 days earlier on average. Simulated 312 tiller number was 367 m-2 at harvest, within 5% error from the observed value of 374 m-2 for 313 the ecological treatment. 314
For the validation treatments, the model performed similarly to the calibration CTC treatment in 315 terms of grain yield and biomass prediction. The yield was simulated reasonably well with 316 PBIAS < 15%, NSE ≥ 0.65, RSR < 1.5, and RMSD < 500 kg ha -1 (Table 6 Weather data analysis indicated that the spring growing season in the recent 10 years was 383 relatively dry and cool at Sidney, MT (Table 8) The simulated long-term average grain yield of spring wheat was 1813 kg ha -1 across all 389 treatments from 1961 to 2010 (Table 9 ). The long-term average yield with conventional 390 management (1887 kg ha -1
, average of yields in CTC and NTC in For this continuous spring wheat system, the probability of simulated low yield range (< 1200 kg 409 ha -1 ) was not significantly different among all treatments. However, the probability of simulated 410 high yield (1200-2800 kg ha -1 ) was consistently higher for conventional management to obtain a 411 higher yield (Figure 4 ). This suggests that during very dry years, the management effect on 412 wheat yield is not evident; for the average and wet years, the simulated yield under the 413 conventional treatment significantly exceeds that under the ecological treatment. 414
The analysis showed a large deficit in water supply to spring wheat under this dryland condition 415 (Table 10 ). The calculated potential ET during spring growing season (April -August) was 55.8 416 cm, while the simulated water consumption of spring wheat during this period was 23.5 cm, 417 accounting for 42% of the potential water need. This suggests that, to meet 100% of the 418 potential ET, the spring wheat should be irrigated with an additional 32.3 cm water during the 419 growing season in this region. During the growing season, the sum of water consumption by 420 wheat and water loss through seepage and runoff exceeded the total precipitation by 5.3 cm, 421 indicating a soil water storage decrease during the growing season. In other words, 5.3 cm of 422 water used by the crop ET was supplied by soil water storage, which accounted for 23% of the 423 water use during the growing season. The decreasing trend of soil water storage during the 424 spring wheat growing season was seen consistently in the recent field experiment years ( Figure  425 1). The annual water balance in Table 10 indicates that the actual ET (23.5 cm) of spring wheat 426 during the growing season was about 70% of the annual precipitation, while the remaining 30% 427 of precipitation was lost through soil evaporation, deep seepage, and surface runoff. 428
Wheat-fallow versus wheat-wheat 429
The long-term simulation indicates that the wheat-fallow system would increase wheat grain 430 yield in the wheat growing years. The long-term average yield over all treatments when fallowed 431 every other year was 2062 kg ha -1 (Table 11) , 249 kg ha -1 (13.7%) higher than the long-term 432 average yield of 1813 kg ha -1 (Table 9) in the continuous wheat system. However, because 433 there was no crop growing in the fallow years, the annualized total average yield was half of the 434 yield in wheat years. It translated to an annualized total average yield of 1031 kg ha -1 for the 435 wheat-fallow system, 43.1% (782 kg ha -1 ) less than the annual yield for the continuous wheat-436 wheat system. The probability analysis for the simulated long-term yield of wheat-fallow under 437 different treatments showed a similar trend to the wheat-wheat system (Figure 4) . To obtain the 438 same yield, the probability was much lower for the wheat-fallow than for the wheat-wheat 439 system due to fallow every other year. 440
The comparison of simulated values for hydrology components suggests that fallow every other 441 year contributed little to plant available water in the following year under the dryland conditions 442 in Sidney, MT. Considering 34.5 cm precipitation in the fallow year, 9.4% (3.2 cm) was lost to 443 surface runoff, 31.9% (11.0 cm) to soil evaporation, and 45.2% (15.6 cm) to deep percolation 444 (Table 11 ). Only 12.1% (4.2 cm) of the total precipitation was carried over to the next wheat 445 year. The simulated actual crop ET was 28.5 cm in the wheat growing years after one year 446 fallow, 1.7 cm higher than the 26.8 cm simulated for the continuous wheat rotation (Table 10) over water (2.5 cm) from the fallow years was lost through deep seepage in the wheat growth 453
year. This in combination with lower annualized yields makes the wheat-fallow system less 454 efficient from a productivity standpoint. 455
Optimum planting date and seeding rate 456
The simulation in grain yield with long-term weather data (1961-10) at various planting dates 457
suggests that the optimum planting dates should be between March 1 and April 10 ( Figure 5 ). 458
The simulated yield within this planting window was high and stable, from 2047 to 2087 kg ha The simulation also indicates that crop revenue reached a maximum at a seeding rate of 3.71 × 468 10 6 seeds ha -1 for conventional management and 3.95 × 10 6 seeds ha -1 for ecological 469 management. Although the crop yield kept increasing with increased seeding rate, the cost of 470 seed increased as well, which reduced marginal revenue ( Figure 6 ). Of note is that in Figure 6 observed total above ground biomass from sampling of two small quadrats was poorly 484 predicted, the model captured treatment differences well. In general, the performance of the 485 RZWQM2 in simulating soil water and crop growth was acceptable in this study. The model 486
showed inevident impacts of tillage and significant reduction in grain yield and biomass under 487 ecological management, in agreement with observed differences among treatments. The 488 simulation showed that, aside from growing season rainfall, the rainfall distribution and small 489 differences in air temperature may significantly affect crop yield. It suggests that global changes 490 in rainfall and temperature may lead to significant yield loss in the future. 491
The simulated long-term yield loss in the ecological treatments comparing with conventional 492 management (which may be mainly due to late planting) was 7.8%, which is much less than theshort-term observed and simulated yield losses of 23.3% and 17.1%. It confirms the significance 494 of using models and long-term weather data to extend the results of limited years of field 495 experimentation. Such an extension requires that the model be calibrated and validated on the 496 original field experiment. When fallowing every other year, the average spring wheat yield was 497 249 kg ha -1 (13.7%) greater than average continuous wheat yield in the wheat year. However, 498 the annualized average total yield was 782 kg ha -1 (43.1%) less than average continuous wheat 499 yield due to zero yield in the fallow year. The contribution of the rainfall in the fallow year to the 500 crop water use in the following wheat year was very small (1.7 cm), with most of the water lost 501 through deep drainage and soil evaporation. Therefore, the spring wheat-fallow system was 502 found to be less productive than continuous spring wheat. However, continuous cropping 503 systems are prone to weed infestation and require mechanical tillage or chemical weed control 504 to maintain productivity. When the model was run over a wide range of planting dates and 505 seeding rates over the 50 years, the results showed that the optimal planting dates were 506 between March 1 and April 10, and the seeding rate with the highest economic return was 507 simulated as 3.71 × 10 6 seeds ha -1 for conventional management and 3.95 × 10 6 seeds ha -1 for 508 ecological management. This is assuming no yield loss due to weed infestation. 509 
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Standard non-stressed dry weight (total including grain) of a single tiller at maturity 1.5 †The ecotype of DS3585 was used in the WHCER.ECO file. ------------------------------------------------------Jan -Dec -------------------------------------------------------------------------- 
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